Background: Since the late 1990s, a growing number of clinical studies have indicated that long-term permanent right ventricular (RV) apical pacing will induce severe complications such as development of heart failure, increased burden of atrial fi brillation leading to decreased quality of life. Aim of the study: To investigate whether cardiac resynchronization therapy (CRT) using biventricular (BiV) pacing can prevent the development of left ventricular (LV) dysfunction, LV remodelling, worsening of the clinical status and quality of life in chronically RV paced patients with normal LV ejection fraction (EF).
Results of several trials have supported the fact that right ventricular (RV) apical pacing might lead to adverse clinical outcomes in patients with standard pacing indications. Nevertheless, RV apical pacing continues to be practiced by many physicians because of its easy accessibility and relative stability over time (1, 2) . The optimal mode and site of pacing remain undefi ned.
The detrimental effect of RV pacing is probably most important in patients with pre-existing left ventricular (LV) dysfunction and may lead to worsening of heart failure (3, 4) . In RV pacing, the sequence of electrical activation resembles the activation pattern in left bundle branch block (LBBB). This asynchronous electrical pattern is accompanied by abnormal dyssynchronous mechanical interactions within the LV (5) . Experimental data suggested that biventricular (BiV) pacing might preserve myocardial performance better than RV apical pacing in patients with atrioventricular (AV) block and normal systolic function (6) . The underlying mechanism may be a signifi cant reduction in LV systolic dyssynchrony, as shown by Cojoc et al (7) . In the majority of patients with severe LV dysfunction and severe clinical heart failure associated with either LBBB-or RV pacing-induced dyssynchrony, BiV pacing improves clinical status, reduces mortality and morbidity, reduces heart failure (HF) hospitalizations, reverses LV remodelling and improves LV function (8, 9) . Therefore, BiV pacing is nowadays recommended in patients with ventricular dyssynchrony (QRS > 120 ms), severe LV dysfunction [LV ejection fraction (LVEF) < 0.35] and mild to severe clinical manifestation of HF [New York Heart Association (NYHA) classifi cation II-IV] (10). In contrast, patients with pre-existing LV dysfunction and a Class I indication for standard pacing (QRS < 120 ms) have improved LV systolic function, exercise capacity, and quality of life after BiV pacing as compared with RV apical pacing (11) . These promising data suggest that BiV pacing may be a feasible option for permanent pacing in the majority of patients who have normal LV systolic function and that it may prevent the adverse effect of conventional RV apical pacing on LV systolic function and other complications of longterm RV pacing.
Methods

Study protocol
TUGENDHAT (Trial on effect of biventricular pacing in patients with bradycardia and normal ejection fraction, with the aim of decreasing HF, atrial fi brillation and preventing complications) was a multicentric, prospective, randomized, single-blinded crossover comparison between RV and BV pacing.
It was an investigator-driven trial supported by IGA grant Nr NR9190-3/2007. A fl ow chart of the study protocol is shown in Figure 1 . A fl ow chart of the study protocol is shown in Figure 1 . A 1-month run-in phase was used to detect and correct any device-or lead-related dysfunctions before patients entered the randomization phase. After 1:1 randomization to one of the two pacing modes (RV or BiV), the patients were followed for two 6-month study periods with crossover to the complementary pacing mode after the fi rst 6-month interval. After this pilot phase, the patient population will be followed for a total of 5 years. In patients without atrial fi brillation (AF), the programmed AV delay was optimized at the beginning of each study period using echocardiography. Outcome measures were assessed at the end of each 6-month period. The study had three primary end points: (i) echocardiographic parameters [LVEF, left ventricular end-diastolic diameter (LVEDD), left ventricular end-systolic diameter (LVESD), mitral regurgitation and others], (ii) functional class according to the NYHA, and (iii) quality of life as assessed with the Minnesota Living with Heart Failure (MLHF) questionnaire. (12) Serum concentration of Nterminal pro-B-type natriuretic peptide (NT-proBNP), AF burden, pacing parameters and complications of pacing were classifi ed as secondary end points.
Study population
A total of 127 patients with documented symptomatic bradycardia, Class I indications for permanent pacing and preserved LV function (LVEF > 0.45) were enrolled in the study. These indications included sinus node dysfunction and bradycardia due to advanced AV block. Chronic medication should be maintained throughout the study period and any changes will be documented. After an absence of 22 crossovers (16 from RV to BiV and 6 from BiV to RV) and 3 deaths during the study, complete data sets were available for 102 patients (Fig. 2) . Baseline characteristics of these patients are presented in Tables 1 and 2 . The study was approved by the local ethics committee. All patients gave informed consent before device implantation. 
Device implantation
All patients enrolled in the study received biventricular pacemakers delivering either RV pacing or BiV pacing, depending on the programming of the device (InSync III, Medtronic, Inc.), using the 2090 programmer and 9998 software (Medtronic, Inc.). The right atrial and RV leads were positioned at the right atrial appendage and the RV leads at the RV apex (41) or mid-septum (61). The LV leads were introduced transvenously through the coronary sinus venous branch and placed in the lateral, posterolateral or posterior vein. The lead position was documented by X-ray in the AP, LAO 30 deg., and RAO 30 deg. projections. Successful LV lead implantation was performed in 116 out of the 127 patients (91 %).
Echocardiographic evaluation
All measurements were performed according to the guidelines of the European Society of Echocardiography using M-mode recordings for unidimensional parameters and Simpson's biplane method for LV volumes. The LV hypertrophy index was calculated as the sum of LV end-diastolic septal and posterior wall thickness divided by end-diastolic diameter and given as a percentage. Left and right ventricular heart cycle intervals were measured by pulsed Doppler echocardiography. Left ventricular dp/dt was estimated from mitral regurgitation fl ow. Echocardiography was performed using the Vivid 7 ultrasound system (GE Medical Systems). Echocardiographic data were stored on magneto-optical hard disks and analyzed offline with the EchoPac workstation (GE Medical Systems) using the average value of 8 consecutive measurements for each parameter.
Quality of life assessment, NT-proBNP measurements
Quality of life assessment was performed with the 36-Item Short-Form General Health Survey (SF-36) before implant and during follow-up visits at 6 and 12 months, and the assessment will be repeated every 12 months until the end of the study.
Venous blood samples were taken after 1-hour rest at the beginning of each follow-up visit. The samples were centrifuged within 1 hour and stored at -60°C for a maximum of 4 weeks. Serum concentrations of NT-proBNP were measured using an electrochemiluminescence immunoassay (Roche Diagnostics). 
Statistical analysis
Standard descriptive statistics were used for the analysis. Continuous parameters such as age, weight and body mass index were described by the median and 5th and 95th percentile. Categorical parameters were described by their count and percentages. Differences between baseline, RV and BiV pacing periods were assessed using the Wilcoxon signed-rank test when parameters were continuous and McNemar's test for categorical parameters. IBM 
Results
Study dropouts, complications of the therapy and optimization of drug therapy
There were no periprocedural deaths. Three of the 127 patients (2.3%) died during the study, all after randomization to RV (n=2) and BiV pacing (n=1). The causes of death were fatal cerebral stroke, pulmonary embolism and malignancy. Because end points could only be analyzed in patients without missing data after completion of both crossover phases, all results are based on the 102 patients who completed the study.
Re-operations were required in 11 of these patients (10%) due to dislodgement of the LV lead in 7 cases and due to bleeding into the pacemaker pocket in 4 cases.
Due to bradycardia, beta blockers were excluded before device implantation. One month thereafter, 82% of all patients were on medication with beta blockers and 86% on angiotensin-converting enzyme inhibitors or angiotensin II receptor blocker ther- apy. Drug therapy was not changed during the two crossover periods.
Assessment of the primary end points
In the pilot phase of the study (12-month follow-up, 6 months in RV and 6 months in BiV pacing), all 3 primary end points for the comparison between RV and BiV pacing were not met (Tabs 2 and 3). The most notable change after device implantation is the shift of patients from functional Class III to Classes I and II (more than 90% of patients are in NYHA I+II after device implantation). No statistically signifi cant differences were found between the pacing modes. Similar results were also found for systolic blood pressure, resting heart rate and for BiV pacing mode also for increased presence of sinus rhythm (SR) (Tab. 3). Statistically signifi cant changes after device implantation but without difference between the pacing modes were found for some echocardiographic parameters (Tab. 2). Statistically signifi cant differences between the pacing modes were detected for RV pre-ejection interval, mitral regurgitation grade and ejection fraction (EF). Nevertheless, the real clinical signifi cance of changes in LVEF and other measured parameters is questionable.
Quality of life measured by MLHF was 32 at study entry and no statistically signifi cant changes were found after device implantation or between the pacing modes (Tab. 3). Analysis of subgroups divided according to various parameters was performed to fi nd further differences in results achieved by RV and BiV pacing. No signifi cant differences were, however, found in most of the parameters.
Assessment of the secondary end points
In terms of the secondary end points, NT-proBNP serum concentrations were not severely elevated in the study population before implant with a wide range for individual values during each of the two pacing periods. When compared with RV pacing, BiV stimulation did not reduce NT-proBNP concentration (Tab. 3). After 12-month follow-up, where 70 % of all patients were in SR and 15.3 % in AF, we could observe a change from AF to SR in 8.7 % of patients with no signifi cant difference between the RV and BiV pacing modes (Fig. 3) . Also the differences in standard pacing parameters and complications between the RV and BiV modes were not observed during the 12-month follow-up (Tab. 4).
Discussion
The TUGENDHAT trial is focused on the effects of RV and BiV pacing modes in patients with a conventional indication for permanent pacing (primary bradycardia indication) with normal LVEF.
The study shows that in a short follow-up period (12 months after the implant), RV apical pacing did not have a detrimental effect on LV systolic function in patients with normal EF and indications for pacing due to bradycardia. The adverse cardiac remodelling might be prevented by BiV pacing probably after a longer period of follow-up. Despite the use of RV apical pacing, development of HF, increased morbidity and mortality have been recognized in the past 10 years with the publication of the results of various large trials of pacemakers and implantable cardioverterdefi brillators (13, 14, 15) . The adverse clinical events seem to be related to a high cumulative percentage of RV apical pacing (16) . This type of pacing causes an abnormal left ventricular electricalactivation sequence with an electromechanical delay in contraction (right to left ventricle dyssynchrony) and, subsequently, increased mitral regurgitation and decreased EF (17) (18) (19) (20) . Several preventive pacing algorithms have been developed to reduce the percentage of right ventricular pacing but these might be used only in patients with sinus node dysfunction, not in patients with advanced AV block and a high percentage of ventricular pacing (21, 22) . In elderly patients with underlying risk factors for heart failure (diastolic dysfunction and comorbidities), more than 50% of RV apical pacing may trigger the complications (23) .
The most apparent result of RV or BiV pacing in our trial is change in the NYHA classifi cation. Most of the patients reported perceived improvement from NYHA Class III at the beginning of the study Class I and II. Improvement in the NYHA classifi cation is in agreement with other studies, especially concerning the difference between the baseline and end of follow-up (24, 25) . Difference between both pacing modes, however, was not statistically signifi cant. Quality of life assessed by means of the standard MLHF questionnaire remained at the same level for both modes and differences between the baseline and end of follow-up were not statistically signifi cant. This fact is surprising with respect to the signifi cant NYHA improvement mentioned above, since most of the MLHF questions are directly or indirectly related to physical functioning and correlate with the NYHA and 6-Minute Walk Test (6MWT) (26) . Nevertheless, results of other studies concerning quality of life are very variable and do not always follow the above assumption. Some studies reported only slight improvement in quality of life in both groups observed, but with no signifi cant difference between them (27) . It is also noteworthy that the observation periods in the pilot phase of our study were short (6+6 months).
The median EF decreased in comparison to the baseline. It is also to be noted that the difference is unlikely to be signifi cant from the clinical point of view. The difference between the RV and BiV modes was found to be statistically signifi cant as well. However, the importance of such a difference from the clinical point of view is probably also negligible. It is important to note that the initial median value of EF was 62.0 % in patients included in our study, which is still within the value range for healthy individuals. Improvement of this parameter is therefore unlikely to occur. In other studies comparing RV and BiV pacing, the EF baselines were in an approximate range of 25-45 %, i.e. with a much greater space for improvement (28) . On the other hand, trials including patients with normal EF reported results consistent with those seen in our study so far. For example in the PACE study (6) , the EF decreased in patients with RV pacing and no signifi cant change was found in the BiV pacing group, with the baseline being approximately 60 %. The authors further suggested that EF decreases rapidly in vulnerable patients and that these patients might benefi t even more from BiV pacing. (6) No signifi cant changes in EF were found in either of the observed groups in the PREVENT-HF trial (29) . Decrease of EF in BiV patients was also found (30) , which supports our conclusions that change of EF in relatively healthy patients is not a reliable end point for comparison of patients with various pacing modes.
Mitral regurgitation severity was classifi ed into four grades and the proportion of patients in individual did not signifi cantly differ when comparing the baseline and both treatment groups, with one exception (number of patients in Grade II BiV group). Comparison with other studies is diffi cult in this case because various evaluation approaches have been used. Nevertheless, slight to moderate improvements are usually stated, particularly in the Biv mode (25, 29) . Other evaluation end points -pacing parameters -acted according to expectations and in agreement with published results.
Study limitations
There are several limitations to this study. It was limited to a relatively small number of patients and a short follow-up period in the pilot phase. However, the study was designed with adequate power to test in long-term follow-up for the expected differences between the two pacing modes with respect to the primary and secondary end points. Using a crossover design, placebo effects of study inclusion and pacemaker modes can be minimized. Furthermore, patients were blinded for pacemaker confi gurations.
The success rate for implantation of the biventricular-pacing system was 91 %, which is lower than that for conventional dualchamber pacing but similar to that for pacemakers implanted in patients with standard BiV indications. Randomized trials with larger samples, long-term folow-up, and suffi cient power to evaluate clinical outcomes between these two pacing strategies are expected.
Results
We conclude that BiV pacing compared to RV pacing did not change LV function and quality of life in patients with the absence of LV dysfunction or remodelling, standard bradycardia pacing indications in a pilot phase (12-month follow-up) of the TUGENDHAT trial. Hence, we still believe that BiV pacing might be superior to RV pacing in long term follow-up in prevention of LV remodelling, heart failure manifestation and decreased AF burden. Following reports of the study will be published after 24 and 60 months of follow-up.
